Large-scale extragalactic magnetic fields may induce conversions between very-high-energy photons and axionlike particles (ALPs), thereby shielding the photons from absorption on the extragalactic background light. However, in simplified "cell" models, used so far to represent extragalactic magnetic fields, this mechanism would be strongly suppressed by current astrophysical bounds. Here we consider a recent model of extragalactic magnetic fields obtained from large-scale cosmological simulations. Such simulated magnetic fields would have large enhancement in the filaments of matter. As a result, photon-ALP conversions would produce a significant spectral hardening for cosmic TeV photons. This effect would be probed with the upcoming Cherenkov Telescope Array detector. This possible detection would give a unique chance to perform a tomography of the magnetized cosmic web with ALPs.
Large-scale extragalactic magnetic fields may induce conversions between very-high-energy photons and axionlike particles (ALPs), thereby shielding the photons from absorption on the extragalactic background light. However, in simplified "cell" models, used so far to represent extragalactic magnetic fields, this mechanism would be strongly suppressed by current astrophysical bounds. Here we consider a recent model of extragalactic magnetic fields obtained from large-scale cosmological simulations. Such simulated magnetic fields would have large enhancement in the filaments of matter. As a result, photon-ALP conversions would produce a significant spectral hardening for cosmic TeV photons. This effect would be probed with the upcoming Cherenkov Telescope Array detector. This possible detection would give a unique chance to perform a tomography of the magnetized cosmic web with ALPs.
Introduction-Axionlike particles (ALPs) are ultralight pseudoscalar bosons a with a two-photon vertex aγγ, predicted by several extensions of the Standard Model (see [1] for a recent review). In the presence of an external magnetic field, the aγγ coupling leads to the phenomenon of photon-ALP mixing [2] . This effect allows for the possibility of direct searches of ALPs in laboratory experiments. In this respect a rich, diverse experimental program is being carried out, exploiting different sources and approaches [3] [4] [5] . See [6] for a review.
Because the aγγ coupling, ultralight ALPs can also play an important role in astrophysical observations. In particular, an intriguing hint for ALPs has been recently suggested by very-high-energy (VHE) γ-ray experiments. In this respect, recent observations of cosmologically distant γ-ray sources by ground-based γ-ray Imaging Atmospheric Cherenkov Telescopes have revealed a surprising degree of transparency of the Universe to VHE photons [7, 8] , where one would have expected a significant absorption of VHE photons by pair-production processes (γ VHE + γ EBL → e + e − ) on the extragalactic background light (EBL). Even though this problem has been also analyzed using more conventional physics (see, e.g., [9, 10] ), photon-ALP oscillations in large-scale magnetic fields provide a natural mechanism to drastically reduce the photon absorption [11] [12] [13] [14] [15] [16] [17] [18] . In order to have efficient conversions one should achieve the strong-mixing regime which is realized above a critical energy given by [19] E c 500 m g aγ GeV .
(1)
In the previous expression one typically considers g aγ < ∼ 5 × 10 −11 GeV −1 in order to be consistent with the bounds from the helioscope experiment CAST at CERN [4, 20] , and from energy loss in globular-clusters stars [21] that give g aγ < ∼ 6 × 10 −11 GeV −1 (see Fig. 1 ). Notably two mechanisms have been proposed in order to reduce the cosmic opacity through conversions into ALPs. The first involves extragalactic magnetic fields [12] . At present, the lowest upper limits on extragalactic magnetic fields on the largest cosmological scales come from cosmic microwave background observations [22] and from Faraday rotation measurements of polarized extragalactic sources [23] and are compatible with an average field strength of B < ∼ O(1 nG) with a coherence length l c ∼ O(1 Mpc) [24] . In this case, in order to have sizeable conversions into ALPs at E > ∼ 100 GeV, one should consider m a < ∼ 10 −9 eV. In the second scenario, one requires strong photon conversions in the magnetic fields of the source and back-conversions in the Milky Way [13] . Estimates on the Galactic magnetic field of order B ∼ O(10 −6 G) are obtained by measurements of the Faraday Rotation [25] [26] [27] [28] . In this case, one expects significant conversions for m a < ∼ 10 −8 eV. The resultant parameter space where ALPs would explain the low γ-ray opacity under these conditions is shown in light blue [17] in Fig. 1 .
However, the range of the parameters where ALPs would impact the cosmic transparency is constrained from other observations, as shown in Fig. 1 . In particular, for ALPs with masses m a < ∼ 10 −9 eV, the strongest bound on g aγ is derived from the absence of γ-rays from SN 1987A. In this regard, a recent analysis results in g aγ < 5 × 10 −12 GeV −1 for m a < ∼ 10 −10 eV [29] . A comparable bound on g aγ has been recently extended in the mass range 0.5 < ∼ m a < ∼ 5 neV from the nonobservation in Fermi Large Array Telescope (LAT) data of irregularities induced by photon-ALP conversions in the γ-ray spectrum of NGC 1275, the central galaxy of the Perseus Cluster [30] . It is worth mentioning that from the absence of x-ray spectral modulations in active galactic nuclei, for m a < ∼ 10 −12 eV we have a stronger bound on the coupling: g aγ < ∼ 1 × 10 −12 GeV −1 [31, 32] . However, in the following we will always refer to higher ALP masses. Data from the H.E.S.S. observations of the distant BL Lac object PKS 2155-304 also limit g aγ < 2.1 × 10 −11 GeV −1 for 15 < ∼ m a < ∼ 60 neV [33] . Therefore, while the mechanism of conversions into the Galactic magnetic field is still valid at m a < ∼ 10 −8 eV, the conversions into the extragalactic magnetic field seem strongly disfavored as a mechanism to reduce the cosmic opacity. However, the distribution of the extragalactic magnetic fields has been oversimplified in previous works on ALP conversions. In particular, a cell-like structure (hereafter named the "cell" model) has been adopted with many domains of equal size (l c ∼ 1 Mpc) in which the magnetic field has (constant) random values and directions [12] . Only recently it has been pointed out that in more realistic situations, the magnetic field direction would vary continuously along the propagation path, and this would lead to sizeable differences in the ALP conversions with respect to the "cell" model [34] [35] [36] [37] . Here we study for the first time the photon conversions into ALPs using recent magneto-hydrodynamical cosmological simulations [38, 39] , which represent a step forward in the realistic modeling of cosmic magnetism. In this more realistic case the magnetic fields can locally fluctuate in filaments of matter up to 2 orders of magnitude larger that found in the "cell" model and photon-ALP conversions are enhanced compared to previous estimates. Indeed, significant conversions are found both in the low-mass region (indicated as "LM," m a < ∼ 10 −10 eV) below the SN 1987A bound and in the high-mass region ("HM," m a > ∼ 10 −8 eV) on the right of the recent Fermi-LAT bound. These two ranges are indicated with small squares in Fig. 1 and represent regions of sensitivity (see Supplemental Material for details). We have also checked that for these parameters possible photon-ALP conversions at relatively high redshifts do not distort the cosmic microwave background [40] . Therefore, our new model significantly enlarges the parameter space where the photon-ALP conversions would reduce the cosmic opacity, as shown in Fig. 1 where we compare the photon transfer function T γ in presence of ALP conversions for the cell model and for the simulated model of extragalactic B-field (see Supplemental Material for details). In particular, these values of ALPs parameters are in the reach of the planned upgrade of the photon regeneration experiment ALPS at DESY [3] and with the next generation solar axion detector IAXO (International Axion Observatory) [41] (see Fig. 1 ) or with Fermi-LAT if luckily a galactic supernova would explode in its field of view [42] .
Simulated extragalactic magnetic fields-Our recent model for extragalactic magnetic fields comes from a suite of simulations [38] produced using the cosmological code ENZO [43] , with the magnetohydrodynamical method outlined in [44] . These simulations are nonradiative and evolved a uniform primordial seed field of B 0 = 1 nG (comoving) for each component, starting from z = 38 and for a comoving volume of 200 3 Mpc 3 , sampled using a fixed grid of 2400 3 cells (for the fixed comoving resolution of 83.3 kpc/cell) and 2400 3 dark matter particles. We consider this model more realistic than other models used in the literature of ALPS studied, because it incorporates the dynamical interplay between structure formation (e.g. gas compression onto filaments, galaxy groups and clusters), rarefactions (onto voids) and further dynamo amplification where turbulence is well resolved (typically limited to the most massive clusters in the volume). More details on the simulation are given in the Supplemental Material.
Results-We closely follow the technique described in [16, 45] to solve the propagation equations for the photon-ALP ensemble. We document this procedure in the Supplemental Material. In order to account the VHE photon absorption we employ the EBL model of Ref. [46] as our benchmark. With respect to [16, 45] we also include the refraction effect on VHE photons, recently cal- (HM). Left panels refer to the "cell" model, while right panels represent the more realistic model of our cosmological simulation. In both the cases we have chosen as average value of the magnetic field BT = 1.6 × 10 −9 G.
culated in [47] . This term would be dominated by the energy density of cosmic microwave background photons. It is expected to damp the photon-ALP conversions at E > ∼ 1 TeV [36] . In Fig. 2 we show the photon transfer function T γ in a certain range d of its path along a given line of sight (upper panels) in a region in which the extragalactic magnetic field has significant variations (lower panels). We have taken the photon energy E = 10 TeV. We have chosen as ALP parameters m a = 2 × 10 −8 eV and g aγ = 10
−11 GeV −1 , corresponding to the high-mass (HM) square in Fig. 1 . Left panels refer to the "cell" model, while right panels represent the model from the cosmological run. The "cell" model has been generated using a fixed (comoving) size of l c = 1.4 Mpc per cell, which is the typical coherence length of magnetic fields in the newly simulated model, based on spectral analysis. The transverse magnetic field in each cell is chosen as B T = B 0 sin θ where θ is a random zenithal angle in [0, π) and B 0 = 1.9 × 10 −9 G is the rms of the magnetic field of all realistic realizations. The dashed line in Fig. 2 corresponds to B T = 2/3 B 0 = 1.6 × 10 −9 G which is thus in both cases the ensemble average of the strength of the transverse magnetic field. It can be seen that while in the "cell" model the variations of the B field saturate the maximum value (B 0 ), in the more realistic scenario generated by the simulations there are several peaks where B T ∼ 10 −7 G, which are found to correlate with gas structures in the cosmic web (i.e. mostly filaments and outer regions of galaxy clusters and groups). As a consequence, while in the "cell" model T γ does not show sizeable variations since the strong mixing regime is suppressed by m a [see Eq. (1)], in the more realistic case one finds a significant jump in T γ when the peak in the magnetic field is reached. Indeed, since the conversion probability in ALPs scales as P aγ ∼ (g aγ B T d) 2 , when the strong peak in B T is encountered a strong photon regeneration takes place.
Because of the random orientation of the magnetic field, the effect of photon-ALP conversions strongly depends on the orientation of the line of sight. Therefore the photon flux observed at Earth should be better characterized in terms of probability distribution functions, obtained by considering γ → a conversions over different realizations of the extragalactic magnetic field. An example of these distributions is shown in Fig. 3 for a source at redshift z = 0.3 and energy E = 10 TeV. We have fixed ALP parameters to the HM case. In the "cell" case, the PDF has been found by simulating 10 6 different realizations of the extragalactic magnetic field. Conversely, in the realistic case, the PDF has been obtained extracting 10 3 onedimensional beams of cells randomly extracted from the outputs of the cosmological simulation at increasing redshift. The y axis shows the number counting for the realistic case only. The vertical thick line corresponds to the no ALPs case. We see that ALP conversions in dynamical magnetic field and in the cell model produce probability distributions which are strongly different. In particular for the cell model the peak in the distribution is T γ 3 × 10 −7 with a 90 % C.L. in the interval 5.6 × 10 −8 -1.1 × 10 −6 , while in the more realistic case one finds the peak at T γ ∼ 3 × 10 −5 and a 90 % C.L. in the interval 4.5 × 10 −7 -1.4 × 10 −4 . It is evident that a strong enhancement of the transfer function in the more realistic case would imply a significant hardening of the photon spectra with respect to the cell model. Note that in the realistic case the statistical error in each bin is due to the limited number of realizations of the magnetic fields configurations.
In order to discuss the observational signatures in the energy spectra of VHE photon sources we present in Fig. 4 the distribution of photon transfer function T γ in function of the photon energy for a source at redshift z = 0.3 obtained with 10 3 realizations. In the left panels we consider m a = 10 −10 eV and g aγ = 4 × 10 −12 GeV −1 , corresponding to the LM case of Fig. 1 , while in the right panels we take HM parameters. Upper panels refer to our simulations for magnetic field, while lower ones are for the cell model. The black solid curve represents the T γ expected in the presence of only absorption onto EBL. The solid grey curve represents the median T γ in the presence of ALPs conversions. The orange curve corresponds to conversions for a particular realization of the extragalactic magnetic field. The shaded band is the envelope of the results on all the possible realizations of the extragalactic magnetic field at 68 % (dark blue), 90 % (blue) and 99 % (light blue) C.L., respectively. According to conventional physics, it turns out that the T γ gets dramatically suppressed at high energies (E > ∼ 4 TeV). As expected, including ALP conversions with cell magnetic fields, the enhancement of T γ with respect to the standard case is modest since it is suppressed by the small coupling (left panel) or the high ALP mass (right panel). However, when we consider ALP conversions in more realistic magnetic fields the enhancement of T γ is striking. ALP conversions in such models would produce a considerable hardening of the spectrum at high enough energies, thereby making it possible to detect VHE photons in a range where no observable signal would be expected according to conventional physics or to conversions with cell magnetic fields. An example of a particular realization is shown by the orange curve. In this specific case we see that the observable photon flux at high energies can be significantly larger than the average one. On this specific line of sight the enhancement of T γ with respect to the standard case would reach 3 orders of magnitude. Note also the rapid oscillations observed in the T γ . These are induced by the the photon dispersion effect on cosmic microwave background [36] (see also Supplemental Material) and would leave observable signatures on the VHE photon spectra unexpected in the standard case. Depending on the particular magnetic realization crossed by the photons, it is also possible to observe a suppres-sion of the photon flux stronger than in the presence of conventional physics. Nevertheless, from Fig. 4 one infers that the cases in which T γ is enhanced at high energies are much more probable.
Conclusions-We have studied the conversions of VHE photons into ALPs proposed as a mechanism to reduce the absorption onto EBL, using for the first time more realistic models of extragalactic magnetic fields, obtained from the largest magnetohydrodynamical cosmological simulations in the literature. We find an enhancement of the magnetic field with respect to what was predicted in the naive cell model, due to the fact that simulated magnetic fields display larger fluctuations, correlated with density fluctuations of the cosmic web. This effect would give a significant boost to photon-ALP conversions. Indeed, using more realistic models of the magnetic field we have found significant conversions also in regions of the parameter space consistent with previous astrophysical bounds. This mechanism would produce a significant hardening of the VHE photon spectrum from faraway sources, and we expect such signature to emerge at energies E > ∼ 1 TeV. Therefore, this scenario is testable with the present generation of the Imaging Atmospheric Cherenkov Telescope, covering energies in the range from ∼ 50 GeV to ∼ 50 TeV [48, 49] .
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where g aγ is the photon-ALP coupling constant (which has the dimension of an inverse energy). We consider throughout a monochromatic photon/ALP beam of energy E propagating along the x 3 direction in a cold ionized and magnetized medium. It has been shown that for very relativistic ALPs and polarized photons, the beam propagation equation can be written in a Schrödinger-like form in which x 3 takes the role of time [2, 36] 
where A 1 (x 3 ) and A 2 (x 3 ) are the photon linear polarization amplitudes along the x 1 and x 2 axis, respectively, a(x 3 ) denotes the ALP amplitude. The Hamiltonian H disp represents the photon-ALP dispersion matrix, including the mixing and the refractive effects, while H abs accounts for the photon absorption effects on the lowenergy photon backgrounds. We denote by T (x 3 , 0; E) the transfer function, namely the solution of Eq. (3) with initial condition T (0, 0; E) = 1.
The Hamiltonian H disp simplifies if we restrict our attention to the case in which B is homogeneous. We denote by B T the transverse magnetic field, namely its component in the plane normal to the beam direction and we choose the x 2 -axis along B T so that B 1 vanishes. The linear photon polarization state parallel to the transverse field direction B T is then denoted by A and the orthogonal one by A ⊥ . Correspondingly, the mixing matrix can be written as [2, 36] 
, where m a is the ALP mass. The term ∆ pl ≡ −ω 2 pl /2E accounts for plasma effects, where ω pl is the plasma frequency expressed as a function of the electron density in the medium n e as ω pl 3.69 × 10 −11 n e /cm −3 eV. The terms ∆ CM ,⊥ describe the Cotton-Mouton effect, i.e. the birefringence of fluids in the presence of a transverse magnetic field. A vacuum Cotton-Mouton effect is expected from QED one-loop corrections to the photon polarization in the presence of an external magnetic field
T , but this effect is completely negligible in the present context. Recently it has been realized that also background photons can contribute to the photon polarization. At this regard a guaranteed contribution is provided by the CMB radiation, leading to ∆ CMB ∝ ρ CMB [47] . We will show how this term would play a crucial role for the development of the conversions at high energies. An off-diagonal ∆ R would induce the Faraday rotation, which is however totally irrelevant at VHE, and so it has been dropped. For our benchmark values corresponding to the HM point, numerically we find
VHE photons undergo pair production absorption by EBL low energy photons γ VHE γ EBL → e + e − , dominated by the interactions with optical/infrared EBL photons. The absorptive part of the Hamiltonian can be written in the form
where Γ is the photon absorption rate (see [45] for details). Several realistic models for the EBL are available in the literature, which are basically in mutual agreement. Among all possible choices, we employ the EBL model [46] as our benchmark. For crude numerical estimates at zero redshift we use for the absorption rate [45] Γ = 1.1 × 10
Single magnetic domain-Considering the propagation of photons in a single magnetic domain with a uniform B-field with B 1 = 0, the component A ⊥ decouples away, and the propagation equations reduce to a 2-dimensional problem. Its solution follows from the diagonalization of the Hamiltonian through a similarity transformation performed with an orthogonal matrix, parametrized by the (complex) rotation angle Θ which takes the value [2, 36] 
Note that ∆ a < 0 and ∆ > 0. Therefore, these two contributions always sum and must be separately small to achieve large mixing angle. When ∆ aγ ∆ − ∆ a the photon-ALP mixing is close to maximal, Θ → π/4 (if the absorption is small as well). On the other hand, from Eq. (5) one sees that ∆ CMB grows linearly with the photon energy. Therefore at sufficiently high energies ∆ aγ ∆ − ∆ a and the photon-ALP mixing is suppressed.
One can introduce a generalized (including absorption) photon-ALP oscillations frequency
In particular, if absorption effect are small the probability for a photon emitted in the state A to oscillate into an ALP after traveling a distance d is given by [2] 
where in the oscillation wave number and mixing angle we set Γ = 0. From Eq. (5) one would realize that for E > ∼ 10 TeV and B T ∼ 10 −7 G, ∆ aγ ∆ a , ∆ pl . Therefore, neglecting the ∆ CMB refractive term one would obtain P (0) γ→a
2 , that is energy-independent. However, we see that ∆ CMB is not negligible at these energies and would produce peculiar energy-dependent oscillations imprinting significant features in the VHE photon spectra.
So far, we have been dealing with a beam containing polarized photons, but since at VHE the polarization cannot be measured we better assume that the beam is unpolarized. This is properly done by means of the polarization density matrix
which obeys the Liouville equation [36] 
associated with Eq. (3). Then it follows that the solution of Eq. (12) is given by
where ρ(0) is the initial beam state. Note that for a uniform B even if we clearly have
Magnetized cosmic web-In the problem discussed in this paper we consider oscillations of VHE photons into ALPs in the extragalactic magnetic fields. Therefore we have to deal with a more general situation than the one depicted in the previous Section. Indeed, as discussed, the extragalactic magnetic field is not constant along the photon line of sight. In the "cell" model the magnetic field can be modeled as a network of a magnetic domains with size set by its coherence length. Although |B| ≡ B 0 is supposed to be the same in every domain, its direction changes randomly from one domain to another. Therefore the propagation over many magnetic domains is clearly a truly 3-dimensional problem, because -due to the randomness of the direction of B -the same photon polarization states play the role of either A and A ⊥ in different domains. Therefore the Hamiltonian H disp entering propagation equation cannot be reduced to a block-diagonal form similar to Eq. (4) in all domains. Rather, we take the x 1 , x 2 , x 3 coordinate system as fixed once and for all, and -denoting b k a random unit vector inside each cell, during their path with a total length L along the line of sight, the beam crosses n = L/l c domains, where l c is the size of each domain: The set {B k } 1≤k≤n = {B 0 b k } 1≤k≤n represents a given random realization of the beam propagation. Accordingly, in each domain the Hamiltonian H disp takes the form [50] 
where φ k ∈ [0, 2π) is the azimuthal (random) angle between the projection of b k on the (x 1 , x 2 ) plane and the x 2 axis, and
while ∆ aγ is given by the first of Eqs. (5) with B T = B 0 sin θ k , where θ k is the zenith angle chosen randomly in θ k ∈ [0, π). Working in terms of the Eq. (12), after the propagation over n magnetic domains the density matrix is given by repeated use of H k disp , namely
where we have set
with
which is the transfer function in the k-th domain. In a cosmological context however we should remember that B 0 and l c are no longer fixed but scale as
and l c /(1 + z k ) where z k is the redshift of the cell.
In the realistic case we solve the same equations, but the field B is no longer a random vector but its three components are calculated from the numerical model for every realization.
The effect of the ∆ CMB term -We briefly comment on the role of ∆ CMB term on the ALP-photon conversions at high energies. This term due to VHE photon refraction on CMB photons been recently calculated in [47] . From Eqs. (9) and (10) it results that assuming ∆ CMB = 0, when ∆ aγ ∆ a , ∆ pl P aγ would become energy-independent. Conversely, including ∆ CMB this term can mimic a mass term, producing peculiar energydependent features. In order to illustrate this effect, in Fig. 5 we show the transfer function T γ as a function of energy for a source at redshift z = 0.3 for m a = 10 −10 eV and g aγ = 4 × 10 −12 GeV −1 (LM case) in presence of ALP oscillations including the ∆ CMB effect (continuous curve) and without it (dashed curve). For comparison it is also shown T γ with only absorption on EBL (dotted curve). As predicted ∆ CMB is responsible for the energydependent "wiggles" in the T γ (E) which are absent when ∆ CMB = 0. Another important consequence of ∆ CMB is to suppress the transfer function at high energies when ∆ CMB > ∼ ∆ aγ (at E > 30 TeV in Fig. 5 ). Transfer function in the (g aγ , m a ) space-In Fig. 6 we show, superposed to the exclusion regions of Fig. 1 , curves iso-T γ for a source at z = 0.3 and at energy E = 20 TeV. Left panel refers to the cell model while right panel is for realistic magnetic field. Each contour corresponds to the 95 th percentile of the distribution of T γ . In other words, there is a 5% probability that T γ is larger than the indicated value. From these curves is evident the enhancement of the area probed with the realistic model at a fixed value of T γ . 
Cosmological Simulations of Extragalactic Magnetic
Fields-The simulation used in this work belongs to a dataset of large cosmological simulations produced with the grid-MHD code ENZO [43] , presented in detail [38] and [39] and designed to study the evolution of extragalactic magnetic fields under different physical scenarios. This simulation employed non-radiative physics to evolve a comoving volume of 200 3 Mpc 3 , assuming a cosmology with H = 67.8 km/(s · Mpc), Ω b = 0.0478, Ω tot = 1.0, Ω Λ = 0.692. The magnetic field has been initialized to the uniform value of B 0 = 1 nG along each coordinate axis at the begin of the simulation (z = 38).
With its 2400
3 cells/dark matter particles (for the fixed spatial resolution of 83.3 kpc per cell) this dataset represents the largest magnetohydrodynamical simulation in the literature so far. FIG. 7 . Distribution of typical magnetic field strength as a function of gas overdensity for a representative samples of line of sights through our simulated volume. The different lines mark the percentiles of the distribution at each overdensity, tenfold from 10 to 90%. The additional orange arrow approximately marks the regime in which we observe significant photon-ALPs conversion in the energy range investigated in the paper. Fig. 7 shows the distribution of magnetic fields as a function of cosmic environment in our simulation. The majority of the investigated volume presents a magnetisztion level that follows the compression/rarefaction of gas: |B| ∝ (n gas / n gas ) 2/3 , i.e. the frozen-field approximation. The additional scatter on the relation is due structure formation dynamics; in particular the larger fluctuations at the high-density end of the distribution are a product of small-scale dynamo amplification acting within virialized halos. Fig. 7 (black) . The additional dashed line show the r.m.s. magnetic field value for the same distribution. Fig. 8 gives the volume distribution of magnetic field strength for the same set of lines of sight. The majority of the volume has a magnetization level slightly below the initial seed field (as an effect of adiabatic expansion in voids), yet a pronounced tail with magnetic fields up to ∼ µG is present, largely exceeding the r.m.s. magnetic field measured within the volume, i.e. 1.9 × 10 −9 G (as shown with the vertical grey line). The distribution of extragalactic magnetic fields reproduced in this simula-tion is a first, important step towards the simulation of possible scenarios for the origin of cosmic magnetic fields, which is presently limited by the constraints from the cosmic microwave background [22] , and it will also possibly include the magnetization from astrophysical sources, like radio galaxies, starburst winds and jets from active galactic nuclei. The impact of such mechanisms on the conversion of ALPs will be subject of forthcoming work.
